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Summary 21 
Herbivore effects on leaf litter can have a strong impact on ecosystem nutrient cycling. 22 
Although such effects are well described for insect herbivory, research on the impacts of 23 
browsing by mammalian herbivores on leaf litter dynamics and nutrient cycling has 24 
been more limited, particularly at the level of the individual plant. Clipping treatments 25 
(66% shoot removal twice, plus unclipped) were applied to analyse the effect of 26 
browsing on the phenology (start date and pattern of leaf shedding) and leaf litter 27 
quality (nitrogen, soluble sugars, starch and total non-structural carbohydrate 28 
concentrations, plus C:N ratios) of Betula pubescens Ehrh., and Quercus petraea [Matt.] 29 
Liebl. saplings. 30 
Clipping decreased leaf litter biomass and delayed leaf senescence and shedding, 31 
but did not change the phenological timing of litterfall between senescence and 32 
shedding. The quality of leaf litter of both species was increased by simulated browsing, 33 
through an increase in N and carbohydrate concentrations (mainly soluble sugars) and a 34 
decreased C:N ratio. 35 
This is the first evidence we are aware of that browsing may cause changes in 36 
leaf shedding phenology, delaying the process without altering its pattern. Our results 37 
also indicate that simulated browsing increases the quality of leaf litter. However, the 38 
potential positive effect of browsing on N cycling through litter quality may be offset by 39 
its negative impact on the amount of N shed per tree. 40 
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Introduction 45 
Herbivores can affect plant performance not only through direct impacts on the plants, 46 
but also through changes in ecosystem processes, such as nutrient dynamics and 47 
decomposition (Irons et al. 1991, Hunter 2001, Bardgett and Wardle 2003, Pastor et al. 48 
2006). Putative mechanisms explaining the effects of herbivores on ecosystem nutrient 49 
dynamics include changes in the quantity and quality of resource inputs to the soil, plus 50 
long-term effects through changes in plant community composition (Bardgett and 51 
Wardle 2003, Pastor et al. 2006). Effects on resource inputs may be direct, through 52 
urine, dung or frass deposition, or indirect, by altering plant standing biomass, changing 53 
plant biomass allocation patterns, altering throughfall, or modifying plant litter quality 54 
and quantity (Hunter 2001, Bardgett and Wardle 2003). Nutrient inputs by leaf litter 55 
account for up to 80% of the total recycled nutrient pool in forest ecosystems (Attiwill 56 
and Adams 1993). Consequently, changes in leaf litter quality and quantity caused by 57 
herbivores can have a strong impact on soil microbial communities, with subsequent 58 
feedback effects on plants through changes in nutrient cycling (Ayres et al. 2004, 59 
Chapman et al. 2003). 60 
Ungulate browsing is a major factor controlling the regeneration of native forests 61 
worldwide (Hester et al. 2000, Côté et al. 2004, Gill 2006). However, the effects of 62 
browsing on litter quality have received remarkably little attention (Bardgett and 63 
Wardle 2003), especially when compared to the effects by insect herbivores. At the 64 
ecosystem level, several studies have reported either positive (Augustine and 65 
McNaughton 1998) or negative (Ritchie et al. 1998, Pastor et al. 2006) effects of 66 
browsing on litter quality and nutrient cycling through changes in plant species 67 
composition (by favouring or repressing the dominance of species with unpalatable, 68 
recalcitrant litter). Although these studies analysed individual species effects, they did 69 
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not consider the direct effects of browsing on the nutrient cycling of plants via changes 70 
in allocation, which can also impact litter quality (Fornara and Du Toit 2008). The 71 
relevance of browsing effects on litter quality and subsequent decomposition processes 72 
through changes in plant ecophysiology has been repeatedly acknowledged (Kielland et 73 
al. 1997, Harrison and Bardgett 2003, 2004, Carline and Bardgett 2005). However, the 74 
few studies available show inconsistent results; browsing leading to increases of litter 75 
quality in some cases and to decreases in others (Irons et al. 1991, Kielland et al. 1997, 76 
Harrison and Bardgett 2003, 2004, Carline and Bardgett 2005).  77 
In addition to modifying plant litter quality and quantity, herbivory may also 78 
alter the timing of litter production (Faeth et al. 1981, Pritchard and James 1984, 79 
Williams and Whitham 1986, Blundell and Peart 2000, Kikuzawa 2004). Although 80 
largely neglected in herbivory studies and models, changes in the timing of leaf litter 81 
inputs reaching the soil may have important consequences for nutrient mineralization 82 
and turnover (Chapman et al. 2003, 2006). Furthermore, variations in the timing of leaf 83 
senescence or abscission may result in subsequent changes in litter quality, if the timing 84 
of leaf shedding interacts with nutrient resorption efficiency (Chapman et al. 2003, 85 
Sariyildiz et al. 2008). Most of the literature dealing with herbivore-induced changes in 86 
leaf litter quality and timing has focused on the effects by arthropod herbivores 87 
(Rhoades 1985, Nykänen and Koricheva 2004). Advanced leaf shedding of infested 88 
leaves is a well-known process in many tree species, suggested as a defensive 89 
mechanism to control herbivore populations (Faeth et al. 1981, Williams and Whitham 90 
1986). To our knowledge, no studies have analysed the effects of browsing on leaf 91 
shedding phenology, even though the type of damage browsing mammals exert on 92 
plants is totally different to that of defoliating insects and, therefore, so may be their 93 
potential effects (Danell and Huss-Danell 1985, Strauss 1991). 94 
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Although browsing does not seem to cause advanced shedding of green leaves 95 
(Nykänen and Koricheva 2004), it can lead to significant delays in growth and 96 
flowering phenology due to the time needed for regrowth (Freeman et al. 2003). The 97 
delay in the phenological cycle due to compensatory growth after browsing may also 98 
result in changes in the phenology of leaf shedding, since younger replacement leaves 99 
may be shed later, but such effects remain unexplored. The pattern of canopy leaf 100 
shedding has also been shown to affect nutrient resorption efficiency of plants, with 101 
protracted (i.e., more gradual) patterns of leaf shedding being related to lower resorption 102 
efficiencies than abrupt ones (Del Arco et al. 1991, Milla et al. 2005). Consequently, 103 
changes in the leaf shedding pattern induced by herbivory could also result in an altered 104 
litter quality, with knock-on effects on the whole system. 105 
Betula pubescens Ehrh. (downy birch) and Quercus petraea (sessile oak) are 106 
important forest species, abundant in boreal and temperate woodlands across Europe, 107 
most of which are nutrient limited (Vitousek 1982). Grazing by deer and sheep often 108 
prevents or limits the regeneration of birch (Atkinson 1992) and oak (Götmark et al. 109 
2005) woodlands. The aim of this study was to evaluate the effect of clipping (simulated 110 
browsing) on the leaf shedding phenology and leaf litter quality of birch and oak 111 
saplings. We hypothesized that clipping would: i) delay leaf shedding phenology, 112 
leading to more abrupt leaf shedding patterns, ii) decrease the quantity and induce 113 
changes in the quality of leaf litter, modifying nutrient inputs through litterfall of both 114 
species. 115 
 116 
Materials and methods 117 
Experimental set up and clipping experiment 118 
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Two-year-old sessile oak (Quercus petraea [Matt.] Liebl.) and downy birch (Betula 119 
pubescens Ehrh.) saplings were lifted from a nursery while dormant (5 April 2007) and 120 
planted in pots (400 mm diameter x 350 mm deep) with 50 mm of gravel at the bottom 121 
for drainage and filled with a freely-drained soil derived from granite and granitic 122 
gneiss (Countesswells Association, Glentworth and Muir 1963). Saplings were 123 
approximately 0.3-0.5 m high, a stage considered to be highly vulnerable to large 124 
herbivore browsing (Hester et al. 1996, 2000, Gill 2006). After planting, saplings were 125 
moved into an unheated greenhouse and 10 trees of each species were randomly 126 
allocated into “browsed” and “control” treatments, leading to 5 replicates per species 127 
and treatment combination. Trees were labelled, numbered and their position in the 128 
greenhouse randomised following a Latin square design. Between April and November 129 
2007, saplings received 0.5 l of a nutrient solution with 3.0 mol N m-3 as NH4NO3, 1.33 130 
mol m-3 Na2 HPO4•12 H2O and 1 mol m-3 K2SO4 once per week, to augment  nutrients 131 
available from the soil and remove any potential nutrient limitation to growth. The soil 132 
was kept moist with tap water without exceeding field capacity. A natural photoperiod 133 
was used and the greenhouse ventilated to provide temperatures close to ambient. Pots 134 
were periodically weeded by hand. To account for initial tree variability and assess the 135 
effects of treatments on tree growth, morphological measurements (tree height, length, 136 
stem diameter, and number of short shoots and long shoots) were taken from every tree 137 
after planting and prior to each clipping and harvest.  138 
Clipping was applied as in Palacio et al. (2011) by removing 66% of current-139 
year shoots (2 out of every 3 shoots) in early July and early September 2007, after the 140 
first and second flushes of shoot growth were finished. This intensity of damage was 141 
selected to reproduce high densities of browsing animals (Speed et al. 2011). Clipping 142 
treatments in birch were designed to mimic browsing damage by red deer or sheep by 143 
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removal of current-year long-shoots (including stems, buds and leaves) up to the 144 
maximum stem diameters normally eaten by red deer or sheep (Shipley et al. 1999). 145 
Since oaks show a highly variable shoot length and fewer shoots than birch, clipped 146 
shoots were selected to ensure a decrease in total tree leaf area of approx. 66%. 147 
Although the use of clipping to simulate browsing has received some criticism (Baldwin 148 
1990), there is little evidence that woody plant responses to well simulated damage 149 
differ significantly from responses to real herbivore damage (Bergman 2002; Hester et 150 
al. 2004). 151 
On the 25th September 2007, before the start of leaf shedding, white mesh nets 152 
were installed around the canopy of each tree to recover leaf litter. Samples of leaf litter 153 
were collected by emptying the nets every 4-12 days between the 19th October and the 154 
12th December 2007. By 12th December, all trees except one oak in the browsed 155 
treatment had shed all their leaves. Leaves in this oak tree were fully senescent by that 156 
time, so they were pulled off and included in chemical analyses, but they were not 157 
included in the comparisons of the time-course of the leaf shedding pattern. Leaf litter 158 
samples were freeze-dried, weighed (± 0.005 mg) and milled in a ball mill to a fine 159 
powder prior to chemical analyses (Retsch Mixer MM301, Leeds, UK). Leaf litter 160 
samples collected in different dates were analysed separately to account for temporal 161 
changes in leaf litter composition throughout the leaf shedding process. 162 
 163 
Chemical analyses 164 
Total nitrogen (N) and carbon (C) mass-based concentrations were measured with an 165 
elemental analyzer (Elementar VarioMAX N/CM, Hanau, Germany). Soluble sugars 166 
were extracted with 80% (v/v) ethanol and their concentration determined using the 167 
phenol-sulphuric method as modified by Buysse and Merckx (1993). Starch and 168 
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complex sugars remaining in the undissolved pellet after ethanol extractions were 169 
enzymatically reduced to glucose and analyzed as described in Palacio et al. (2007). The 170 
sum of soluble sugars and starch is referred to as total non-structural carbohydrates. 171 
 172 
Statistical analyses 173 
To calculate the gradualness of the leaf shedding pattern, the accumulated percentage of 174 
leaf litter fall through time of each tree was fitted to a Boltzman sigmoid regression 175 
(Prism version 5.0, GraphPad Inc. San Diego, CA, USA) following the equation: 176 
LS = 
g
DLS
e
LS
−
+
50
max
1
 177 
Where LS is the percentage of leaf litter shed at a given date, LSmax is the maximum 178 
percentage of leaf litter shed (equal to 100), LS50 is the date by which 50% of the leaf 179 
litter had fallen, D the given date and g is the slope of the curve. The latter parameter is 180 
indicative of the steepness of the curve and, consequently, of the gradualness of leaf 181 
shedding. The larger the slope, the steeper the curve and the sharper the leaf shedding 182 
pattern.  183 
The amount of N shed per tree was calculated as the product of total leaf litter 184 
biomass produced per tree and the average N concentration of its litter. Average 185 
concentrations were calculated by considering the relative contribution of each litter 186 
harvest to the total amount of litter shed per tree.  187 
Differences between treatments and species in the starting date and gradualness 188 
(slope of the Boltzman curve) of leaf shedding, final height and stem diameter of 189 
saplings, the average concentrations of N, soluble sugars, starch, and total non-structural 190 
carbohydrates and C:N ratios of leaf litter and the amount of N shed in leaf litter per tree 191 
were analysed by generalised linear models (hereafter GLM) with “species” and 192 
“treatment” (control/clipped) as fixed factors. The initial length (base to tip of plant) of 193 
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saplings at planting was included as a covariate in all analyses to account for the 194 
variation between individuals caused by previous differences in size and morphology, 195 
and not by treatments. Differences in leaf litter composition throughout the leaf 196 
shedding process were evaluated by a multivariate model (MANOVA) with repeated 197 
measures that included “species”, “treatment” and their interaction as fixed factors. This 198 
type of analysis allows evaluating the variability “within subjects”, which informs on 199 
the differences throughout time. 200 
The relationship between the gradualness of leaf shedding (slope of the 201 
Boltzman curve) and the leaf litter quality (N, soluble sugars, starch and total non-202 
structural carbohydrate concentrations and the C:N ratios) was explored separately in 203 
each species by Pearson correlation analyses. All data were normally distributed. GLMs 204 
were run in SPSS 17.0 while MANOVAs were run in JMP 8.0.2. 205 
 206 
Results 207 
Effects on leaf shedding phenology and tree growth 208 
Simulated browsing decreased leaf litter biomass per tree and delayed leaf shedding in 209 
both species (Tables 1 and 2) and no green leaf fall was observed. Clipped trees had 210 
fewer leaves that, in accordance to our first hypothesis, remained on the plant for 211 
longer. The starting date of leaf shedding was delayed by, on average, 13 days in birch 212 
and 16 in oak (Table 1). However, the pattern (i.e. gradualness) of leaf shedding 213 
remained unaltered by browsing (Fig. 1, Tables 1 and 2). There was no correlation 214 
between the slope of the leaf shedding pattern and any litter quality measures except for 215 
a weak relationship with soluble sugars in oak (Pearson coefficient: 0.707, P = 0.05). 216 
The clipping treatments applied were strong enough to decrease tree height by 31% and 217 
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26% in oak and birch, respectively (Tables 1 and 2), and also to significantly reduce 218 
stem diameter in oak trees (F = 11.180, P = 0.012). 219 
 220 
Effects on leaf litter quality and total N shed per tree 221 
The quality (N mass-based concentrations) of the leaf litter shed by both species and 222 
treatments was not significantly changed throughout the duration of the experiment 223 
(Fig. 2). Results were similar for C:N ratios, where neither time nor the interaction 224 
between treatment and time effects had a significant impact (B. pubescens: Ftime = 225 
0.406, P = 0.711; Ftime * treatment = 0.612, P = 0.621; Q. petraea: Ftime = 1.245, P = 0.475; 226 
Ftime * treatment = 2.169, P = 0.331). These results justify the use of average concentrations, 227 
weighted by the relative contribution of each leaf litter harvest, to measure the chemical 228 
composition of the leaf litter in the experiment. 229 
Simulated browsing increased the quality of leaf litter shed in both species. N 230 
and total non-structural carbohydrate concentrations in leaf litter (mainly soluble sugars) 231 
were increased by 23-27% and 16-48%, respectively, and the C:N ratio decreased for 232 
both species (Tables 1 and 2), particularly in birch (by 28%). Regarding inter-specific 233 
differences, birch trees showed higher starch and total non-structural carbohydrate 234 
concentrations and lower N concentrations than oaks (Tables 1 and 2). Consequently, 235 
the litter of birch trees had significantly higher C:N ratios (Tables 1 and 2). However, 236 
despite the increase in leaf litter quality, browsing severely decreased the amount of N 237 
shed per tree, N inputs through leaf litter being decreased by ca. 70% in browsed trees 238 
of both species (Tables 1 and 2). 239 
 240 
Discussion 241 
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Our results indicate that the effects of browsing on leaf shedding phenology markedly 242 
differ to those caused by arthropod herbivory, as described in the literature. Defoliation 243 
by arthropods is known to cause earlier shedding of infested leaves in some tree species, 244 
hence advancing the timing of (green) litter inputs to the soil (Faeth et al. 1981, 245 
Pritchard and James 1984, Williams and Whitham 1986). However, simulated clipping 246 
led to a significant delay in leaf litter shedding (at the canopy level), and no green 247 
leaves were shed. Such contrasting results could be due to the different types of damage 248 
caused by these very different types of herbivores. While defoliating insects generally 249 
inflict mechanical damage to shoots/leaves, causing important cell damage, browsing 250 
ungulates tend to remove whole shoots and/or leaves with little or no cell damage to 251 
remaining shoots/leaves (Shipley et al. 1999, Schat and Blossey 2005). These two types 252 
of damage may lead to completely different plant responses (Danell and Huss-Danell 253 
1985). 254 
In accordance with our results, Pinkard et al. (1998) observed delayed leaf 255 
senescence in trees subjected to green pruning of low branches. Such a delay could be 256 
due to the lag in phenology caused by regrowth (Freeman et al. 2003). Accordingly, 257 
most browsed oaks in our experiment showed increased flushing and birches protracted 258 
their growth period after clipping (SP, personal observation). New leaves produced after 259 
damage were younger (hence with higher N and total non-structural carbohydrate 260 
concentrations) than pre-existing ones, and they may not have senesced at the same time 261 
as those formed at the start of spring, leading to a delay in leaf shedding at the canopy 262 
level. The observed delay in the timing of leaf shedding may have important 263 
consequences for the subsequent decomposition of leaf litter. Litter reaching the soil 264 
two weeks later in autumn may face colder temperatures and hence less suitable 265 
conditions for microbial activity and litter decomposition (Witkamp 1966). 266 
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Although simulated browsing altered the amount and phenology of leaf litter 267 
shedding, it did not change its pattern. The gradualness of leaf shedding seems to be a 268 
relatively fixed parameter within species, unresponsive to variations in phenology. 269 
Previous studies looking at variations in the leaf shedding pattern focused only on inter-270 
specific differences, while intra-specific variability was overlooked (Del Arco et al. 271 
1991, Milla et al. 2005). These studies found that the percentage of nutrients removed 272 
from senescing leaves decreased as leaf shedding became more gradual (Del Arco et al. 273 
1991, Milla et al. 2005). An alternative proxy for the nutrient resorption efficiency of 274 
plants is the final level to which they are able to decrease leaf nutrient concentrations 275 
(resorption proficiency) (Killingbeck 1996). We found no effect of the leaf shedding 276 
pattern on the nutrient concentration of leaf litter, except for the concentration of soluble 277 
sugars which showed a marginal increase in those trees that shed their leaves more 278 
gradually. These discrepancies may be due to the wider range of leaf phenologies 279 
covered in previous studies as compared to ours, where only winter-deciduous species 280 
were compared.  281 
Our results also indicate that simulated browsing enhanced the quality of the leaf 282 
litter of both birch and oak saplings through increases in their N and total non-structural 283 
carbohydrate concentrations. Consequently, the leaf litter of clipped trees showed lower 284 
C:N ratios and a higher proportion of labile forms of C (mainly soluble sugars) than that 285 
of control trees. Increased leaf litter quality (higher N concentrations, higher 286 
mineralizable C pools and lower C:N ratios) was also found in Salix alaxensis and 287 
Betula papyrifera trees subjected to moose browsing in Alaska (Irons et al. 1991, 288 
Kielland et al. 1997). However, our results contrast with previous studies showing either 289 
a decrease (Fornara and Du Toit 2008) or inconsistent effects (Harrison and Bardgett 290 
2003, 2004) of browsing on the litter quality (C:N ratios) of trees. In an analysis of the 291 
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effects of browsing on the internal N dynamics of B. pubescens saplings, Millett et al. 292 
(2005) found that the ability of trees to withdraw N from senescing leaves depended on 293 
the sink strength for N during autumn and hence, ultimately, on the size of trees (and 294 
their N-stores). Only those treatments causing a significant reduction in the size of 295 
saplings led to significant changes in the N resorption efficiency of trees (Millett et al. 296 
2005). Trees in our experiment suffered relatively intense damage with 66% of their 297 
shoots being removed twice in the growing season. Due to the intensity of the 298 
treatments applied, browsed trees in this study were significantly smaller than control 299 
trees at the end of the experiment (Table 1). Therefore, simulated browsing may have 300 
decreased the storage capacity of trees, as both tree species are winter-deciduous and 301 
store N in their wood, including young stems (Millard and Grelet 2010). This may have 302 
led to a reduced sink strength for leaf nutrient withdrawal in autumn and hence to 303 
increased nutrient concentrations in leaf litter. Furthermore, in the studies by Harrison 304 
and Bardgett (2003, 2004) only low deer densities (below 5 animals km-2) were 305 
considered (which is equivalent to a low intensity of damage), while herbivore density 306 
or shoot damage were not specified in the study by Fornara and Du Toit (2008).  307 
The observed increase in the litter quality of browsed trees could translate into 308 
enhanced decomposition rates with subsequent accelerating effects on the nutrient 309 
cycling of the ecosystem (Chapman et al. 2003, 2006). However, our results also 310 
indicate a decrease in the total amount of N shed by tree of ca. 70% after browsing. 311 
Such severe reduction was due to the important effect of simulated browsing on leaf 312 
litter biomass and may offset the potential positive effects of browsing on N cycling 313 
through enhanced litter quality. 314 
In conclusion, as far as we are aware, this study is the first evidence that 315 
browsing may cause changes in leaf shedding phenology, delaying the process without 316 
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altering its pattern. The observed results were markedly different to those previously 317 
reported for arthropod herbivory, which highlights the need to consider the type of 318 
damage when discussing herbivory effects on plant performance. Our results also 319 
indicate that browsing increases the quality of leaf litter through changes in N and non-320 
structural carbohydrate concentrations. However, browsing also severely decreased leaf 321 
litter biomass and, consequently, tree N inputs to the soil through leaf litter. Therefore, 322 
the potential positive effects of browsing on nutrient cycling through litter quality may 323 
be offset by the negative impact on tree litterfall production.  324 
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Figure captions 470 
Fig.1. Effect of browsing on the accumulated autumn leaf loss (as percentage of the 471 
total leaf shedding of each tree) of Betula pubescens (top) and Quercus petraea 472 
(bottom) saplings. Values are shown for browsed (black triangles) and control (open 473 
circles) saplings, with Boltzman curves fit to browsed (black lines) and control (grey 474 
lines) data. B. pubescens: control: R2 = 0.9868, P-value < 0.0001; browsed: R2 = 0.9003, 475 
P-value < 0.0001; Q. petraea control: R2 = 0.8631, P-value < 0.0001; browsed: R2 = 476 
0.7961, P-value < 0.0001. 477 
 478 
Fig.2. Temporal variation in the nitrogen (N) mass-based concentrations (mg g-1) of the 479 
leaf litter collected throughout the leaf shedding process in Betula pubescens (top) and 480 
Quercus petraea (bottom) browsed (black triangles) and control (open circles) saplings. 481 
Data points are means while bars represent SE. Only time points with more than one 482 
replicate are shown. Temporal variation was not significant for any of the study species 483 
and treatments. B. pubescens: Ftime = 1.616, P = 0.382; Ftime * treatment = 2.334, P = 0.300; 484 
Q. petraea: Ftime = 1.936, P = 0.358; Ftime * treatment = 7.230, P = 0.124. See Materials and 485 
Methods for further details on the analyses. 486 
487 
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Table 1. Effect of simulated browsing on growth, phenology of leaf shedding (start and 488 
gradualness of leaf shedding) and leaf litter quality variables (nitrogen, phosphorous, 489 
soluble sugars, starch and total non-structural carbohydrate concentrations and C:N and 490 
N:P ratios) of B. pubescens and Q. petraea saplings. Values are the mean (±1 SE) of 5 491 
replicates  492 
Species B. pubescens Q. petraea 
 Control Browsed Control Browsed 
Growth‡     
Height (m) 1.02 (0.15) 0.70 (0.04) 0.95 (0.09) 0.70 (0.06) 
Main stem diameter 
(mm) 
10.6 (0.9) 10.5 (0.8) 12.0 (1.2) 9.8 (1.0) 
Leaf biomass (g) 5.5 (0.8) 1.3 (0.2) 7.0 (0.4) 1.7 (0.5) 
Leaf shedding phenology     
Start date* 28.0 (2.4) 41.2 (5.1) 33.2 (4.0) 49.0 (7.0) 
Gradualness† 1.7 (0.8) 1.7 (0.8) 4.3 (1.3) 4.8 (1.1) 
Leaf litter quality     
N (mg g-1) 6.6 (0.5) 9.1 (0.7) 9.3 (0.5) 12.1 (0.7) 
Soluble sugars (mg g-1) 50.6 (1.8) 60.0 (3.9) 30.0 (4.1) 57.4 (3.6) 
Starch (mg g-1) 50.5 (0.7) 56.0 (4.0) 30.3 (1.0) 54.6 (18.5) 
Total non-structural 
carbohydrates (mg g-1) 
101.0 (1.7) 115.9 (5.9) 69.3 (4.0) 111.9 (14.9) 
C:N 76.0 (5.5) 54.7 (3.5) 53.5 (2.7) 40.7 (2.6) 
N shed (g tree-1) 36.1 (5.3) 11.4 (0.9) 65.3 (6.8) 21.3 (6.7) 
‡ Measured in April 2008 before bud burst. 493 
* Measured as days since the installation of nets. 494 
† Measured as the slope of the Boltzman sigmoid curve fitted to the accumulated leaf 495 
shedding of each tree (see methods for further explanations). 496 
497 
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Table 2. Results of GLMs testing the effect of browsing on the parameters below, with 498 
“species” and “treatment” as fixed factors. F-ratio values are shown along with P-values 499 
(in parentheses). Values highlighted in bold indicate significant impacts of browsing, 500 
using P<0.05. 501 
Factors Species Treatment Species*Treatment 
Growth‡    
Height 3.07 
(0.100) 
38.49 
(< 0.001) 
1.03 
(0.327) 
Main stem diameter 2.56 
(0.130) 
1.62 
(0.222) 
1.79 
(0.201) 
Leaf biomass 12.58 
(0.003) 
153.90 
(< 0.001) 
1.87 
(0.192) 
Leaf shedding phenology    
Start date* 1.33 
(0.268) 
11.81 
(0.004) 
0.13 
(0.722) 
Gradualness† 7.92 
(0.014) 
0.09 
(0.769) 
0.06 
(0.804) 
Leaf litter quality    
N 20.53 
(< 0.001) 
17.62 
(0.001) 
0.56 
(0.467) 
Soluble sugars 1.16 
(0.299) 
16.56 
(0.001) 
3.65 
(0.077) 
Starch 10.91 
(0.005) 
4.26 
(0.058) 
0.81 
(0.383) 
Total non-structural 
carbohydrates 
14.81 
(0.002) 
26.58 
(< 0.001) 
5.57 
(0.033) 
C:N 23.83 
(< 0.001) 
23.24 
(< 0.001) 
0.76 
(0.398) 
N shed (g tree-1) 24.70 
(< 0.001) 
53.23 
(< 0.001) 
4.31 
(0.055) 
‡ Measured in April 2008 before bud burst. 502 
* Measured as days since the installation of nets. 503 
† Measured as the slope of the Boltzman sigmoid curve fitted to the accumulated leaf 504 
shedding of each tree (see methods for further explanations). 505 
506 
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Fig. 1 507 
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